Abstract-In this paper, we adopt the coded aperture technique to the alignment process for industrial machinery. As a special setting for assembly and inspection, such machinery uses an illumination of narrow wavelength range for imaging with less aberration. This leads to significant influence of light diffraction on the image restoration. Although the diffraction was treated as negligible in most previous studies of coded aperture since they were carried out for natural images, the aperture patterns of them do not achieve enough accuracy for the alignment. We optimize the aperture pattern by performing a simulation of light diffraction, and we experimentally show that it achieves better performance in the alignment.
Abstract-In this paper, we adopt the coded aperture technique to the alignment process for industrial machinery. As a special setting for assembly and inspection, such machinery uses an illumination of narrow wavelength range for imaging with less aberration. This leads to significant influence of light diffraction on the image restoration. Although the diffraction was treated as negligible in most previous studies of coded aperture since they were carried out for natural images, the aperture patterns of them do not achieve enough accuracy for the alignment. We optimize the aperture pattern by performing a simulation of light diffraction, and we experimentally show that it achieves better performance in the alignment.
Index Terms-Alignment, coded aperture, factory automation, image restoration, industrial machinery, inspection, light diffraction, template matching.
I. INTRODUCTION

F
ACTORY automation plays an important role in manufacturing a product rapidly and on a large scale. In particular, assembly and inspection, two processes for examining products and detecting defects, help control the quality of products and improve the productivity. Not being able to locate products during assembly or failing to detect errors during inspection cause defects in the products and create wastes. Most industrial machineries adopt optical cameras to capture alignment images, which are then analyzed by using machine vision techniques. Many studies on automated visionbased inspection/assembly techniques have been conducted in the industrial informatics field [1] - [4] . In order to achieve a reliable operation, it is important to capture adequately clear images at high resolution. To manufacture a product in large quantities and at high speeds, the inspection must be done quickly. With these constraints in place, to capture a high-quality image becomes challenging, especially in microfabrication.
In this paper, we focus on the alignment process, which is the first and a very important step of the inspection in manufacturing. During the alignment process, the machinery T. Sakuyama is with the Dainippon Screen Mfg. Co., Ltd., Kyoto 612-8386, Japan (e-mail: sakuyama@screen.co.jp).
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detects the position of the product from the captured image very accurately at the micrometer scale according to a specific pattern, called the "alignment mark" printed on the product. The detected position is used for adjustments in further operations. Therefore, failures in the alignment process have a significant influence on the inspection and hence on the production. Thus, an increased accuracy is often required for the alignment process. In order to capture the image with a higher resolution (at the micrometer scale), the depth of field (DOF) of the camera becomes smaller and smaller. At this scale, a warpage of the products could defocus the image, even if the camera has an autofocusing system. The contributions of this paper are as follows. 1) We adopt the coded aperture technique to the alignment process for industrial machinery and present its effectiveness on a real inspection setting. We compare the detection accuracy with several other methods and for various defocus lengths. 2) We propose a new aperture pattern from an optimization considering light diffraction. In previous studies of the coded aperture, the diffraction was treated as negligible since most research was carried out for natural images. However, we submit that diffraction significantly affects the restoration of the images captured in industrial machinery, which uses an illumination of narrow wavelength range for imaging with less aberration. Fig. 1 shows an observed point-spread function (PSF) with white light and narrow-wavelength light using a circular aperture. While a circular PSF is observed with white light, a significantly different PSF pattern is observed with the narrow-wavelength light. We optimize the aperture pattern by performing a simulation of light diffraction, and we show that it achieves better performance. The rest of the paper is organized as follows. Section II reports on the extended DOF and discusses its applicability to the industrial machinery. Section II-A presents the principle behind the coded aperture, and Section III presents how it works in our equipment. We propose an optimization regarding light diffraction in Section IV and present experimental results in Section IV-B. The paper is concluded in Section V.
II. RELATED WORKS IN EXTENDED DOF
Many methods have been proposed to extend the DOF, and they can be classified into two groups. The first group is lightfield imaging, which describes the amount of light in every 1551-3203 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. direction through every point in space. Ng et al. proposed light-field cameras [5] , which have a microlens array between the sensor and the main lens. Light-field cameras have also provided new advances in photography, allowing consumers to synthesize photographs with novel viewpoints or to vary the focus after the actual recording of an image [6] . However, the images rendered from the light fields as projections of the four-dimensional radiance onto two spatial dimensions have significantly lower resolutions [7] . If we use a camera array as in [8] , we would be able to acquire an image with a higher resolution. However, it is not realistic to use such large and expensive equipment for industrial machinery. The second method is the deconvolution approach. Deconvolution is the process of restoring a sharp image from an input image corrupted by blurring and noise, where the blurring has occurred due to convolution with a known PSF, and the noise level is known [9] . Even if we capture a defocused image, the focused image can be estimated by deconvolution. This approach requires only a standard camera, not the massive camera array needed for the light-field camera system. Although it does not suffer from resolution degradation, it is not easy to estimate accurately the focused image from the defocused image. For example, a boundary-related "ringing" effect appears in the restored image due to the highfrequency dropoff at the edges of images [10] . Recent studies have introduced methods to reduce ringing, e.g., focus-sweep camera [11] , wavefront coding [12] , [13] , and coded aperture, all discussed below in more detail.
The focus-sweep camera [11] produces a superimposed image with differing amounts of blurring by moving the imaging device or lens along the optical axis during the exposure. By using different combinations of sweeping trajectories and exposure times for the imaging devices, the authors successfully implemented a variety of imaging techniques and applications, including extended DOF. Focus-sweep imaging is practical and feasible; however, it requires a certain amount of time to capture the image, because of the movement of the device and the image processing. This drawback can be a problem for factory automation. Thus, we cannot adopt this method for a camera for industrial machinery.
Wavefront coding is a general technique using generalized aspheric optics and digital signal processing to greatly increase the performance and/or reduce the cost of the imaging systems [12] . A system using wavefront coding comprises a standard incoherent optical system modified by a phase mask with digital processing of the resulting intermediate image. This technique requires custom-made lenses specific for the machinery, and currently, the cost can be a significant deterrent.
Coded aperture is a technique that controls the PSF by changing the aperture pattern of the camera to improve the performance of the deconvolution. This technique was first introduced in the field of high-energy astronomy in the 1960s as a novel way of improving the signal-to-noise ratio (SNR) for lensless imaging of X-ray and γ-ray sources [14] . In addition, researchers in optics also began developing unconventional aperture patterns in the 1960s to capture higher frequencies with less attenuation. In the following decades, many different aperture patterns were proposed [6] , [15] - [17] . Veeraraghavan et al. [6] used a gradient descent search to improve the modified uniformly redundant array (MURA) pattern and then implemented the resulting pattern as a binary pattern. The criterion they used maximized the minimum of the power spectrum of the aperture pattern. Levin et al. [16] optimized the coded aperture to have more zero crossings in the Fourier domain so that the depth information could be better encoded in the defocused image. Zhou et al. [17] presented a comprehensive framework for evaluating the aperture pattern based on the quality of the restoration. Their criterion explicitly accounted for the effect of image noise and the statistics of natural images. Based on this criterion, they developed a genetic algorithm that converges very quickly to near-optimal aperture patterns.
When solving the defocusing problem of the alignment process, an important requirement is that no major modifications are needed in the imaging device of the machinery. Moreover, a minimization of the processing time is also required. Unlike other techniques, the coded aperture does not require a significant modification of the device or the image processing. In particular, Zhou's pattern provides a restored image with the fewest number of artifacts and image noise [17] . Therefore, we decided to adopt their approach to the alignment process in industrial machinery. In Section II-A, we introduce [17] in more detail to set the stage for our own research. [17] 1) Principles of Image Restoration: For a simple object, its defocused image is expressed as
A. Coded Aperture for a Natural Scene
where f 0 is the focused image; k is the PSF determined by the capturing device, the aperture pattern, and the degree of defocus; η is the image noise, which is assumed to be Gaussian white noise N (0, σ 2 ); and * is the convolution operator. In the frequency domain, this equation has the following form
where F 0 , K, and ζ are the discrete Fourier transforms of f 0 , k, and η, respectively. Given a defocused image F and a known PSF K, the problem of defocus deblurring is to estimate the focused image
According to (3), the noise ζ would cause an undesirable artifact, called "ringing," especially when K takes on a smaller value. In general, the focused image is estimated from the captured defocused images and PSFs by Wiener deconvolution
where |K| 2 = K · K and K is the complex conjugate of K. Furthermore, the optimal |C| 2 is known to be the matrix of the noise-to-signal ratios.
2) Optimal Aperture Pattern for a Natural Scene: The method of Zhou et al. evaluates the quality of the restoration by using the expectation value with respect to ζ of the L2 distance betweenF 0 and the true F 0 . This results in
where E[·] denotes the expectation value and ζ is assumed to be Gaussian white noise N (0, σ 2 ). The expectation value of |F 0 | 2 is then rewritten as
where ξ is the frequency and μ(F 0 ) is the measure of the sample F 0 . By substituting |C| 2 = σ 2 /A, Zhou et al. calculated a metric that allows us to evaluate the quality of the PSF K in the frequency domain
They presumed that the expectation value of |F 0 | 2 follows the 1/f law of natural images. In addition, they assumed that the PSF K can be generated by a linear combination of the binary pattern and the Fourier transform of each patch. 1 For binary patterns with a resolution of N × N patches, the number of possible solutions is 2 N ×N . It is difficult to search for the best pattern among the binary patterns with a resolution 2 N ×N . Hence, they developed a genetic algorithm that converges very quickly to near-optimal aperture patterns.
III. ADOPTING ZHOU'S METHOD TO OUR ALIGNMENT PROCESS
A. Optimizing Aperture Pattern to the Alignment Mark
Zhou et al. optimized an aperture pattern by assuming that the image captures a natural scene. However, alignment marks generally consist of only black and white regions of certain sizes, which is very different from natural images. Although Zhou's aperture pattern will give the expected performance for natural images, it might not for the images used in alignment processes. 2 shows the average of the power spectrum of the alignment images compared to natural images (following the 1/f law). The alignment images have a stronger spectrum in the lower frequency range than that of the 1/f law. Since we assigned this power spectrum to A(ξ) in (6), the optimization will provide us with a different aperture pattern than the one proposed by Zhou et al., which is presented in Fig. 3(a) .
We substitute A(ξ) as the power spectra of the alignment images. The power spectrum Γ(ξ) of F (ξ) is calculated by the following formula:
where the size of image F is N × N . The power spectrum is normalized with respect to its variance for each spatial frequency
This modified optimization leads us to the aperture pattern presented in Fig. 3(b) . Fig. 4 . Our experimental device for the performance evaluation. The aperture pattern was placed at the position of the pupil, which is illustrated as a red line. We adopted Köhler illumination [18] to generate an even illumination of the sample. Since our lens is designed for light of a specific wavelength, we used a light source having an appropriate wavelength band and used an interference filter.
B. Experimental Evaluation of [17] for Alignment
The performance of Zhou's method for an alignment device was evaluated experimentally. We constructed a device with a lens of our own design, an image sensor, and a light source as shown in Fig. 4 . The aperture pattern was placed at the position of the pupil and the image sensor was a general CMOS sensor, acA2500-14gm/gc (Basler). As light source, we selected Köhler illumination [18] to generate an extremely even illumination of the sample. Since our lens is designed for light of a specific wavelength, we used a light source having an appropriate wavelength band and used an interference filter.
In the machinery, the alignment device has an autofocus mechanism which is of −300 to +300 µm. We supposed that this range can cover the warpage of the product and evaluated the restoration for known defocus lengths. We captured images with a known defocus length in this range by using a micrometer positioning stage, which had a readable resolution of 10 µm. In this study, a negative length indicates that the object approaches the sensor.
Ideally, the PSF can be measured by capturing a pointlike light source (whose physical size should be infinitesimally small). Since the imaging resolution of the objective lens mounted on the experimental device is about 2 µm, we adopted a pinhole with that diameter. We placed this pinhole on the object plane of the device, illuminated with light from the opposite side of the sensor, and created an approximate point light source. By capturing this, we have measured the PSF in 100 µm intervals in the range of ± 300 µm.
We tried to perform alignment of the different marks shown in Fig. 5 . In our experiment, template matching is adopted for detecting the alignment marks and measuring the position. Template matching was implemented by a function of commercially available software. 2 The alignment marker needs to be detected with high accuracy. The required accuracy depends on the products to be manufactured, and the resolution of the cameras is chosen to achieve this accuracy. In general, subpixel accuracy, i.e., an error of less than 0.5 pixels, is required for further processing. The error is calculated as the Euclidean distance e between the true and detected position. In order to evaluate the accuracy of the alignment, we captured images for various defocus lengths with a circular aperture and also the apertures shown in Fig. 3 . The accuracy is evaluated according to the following procedure. 1) For the true position, we captured a finely focused image by manually adjusting the micrometer positioning stage, and measured the position of the alignment mark by using template matching. 2) We manually adjusted the defocus length from −300 to +300 µm and captured the images. 3) We restored the images using Wiener deconvolution. In this process, we used the actual PSF captured with the same defocus length. 4) We performed template matching to the restored image and evaluated the accuracy of the alignment e by calculating the Euclidean distance between the true position of the alignment marker and the detected position (from the restored image). In order to evaluate the aperture patterns, we evaluated the accuracy of the alignment in terms of e for each aperture pattern. Fig. 6 shows the accuracy of the alignment with respect to the defocus length for each aperture. From this figure, Zhou's pattern achieved better accuracy than that of the circular aperture, but it could not cover the whole defocus length. Although the modified pattern achieved enough accuracy when we looked into the accuracy of the samples in detail, the accuracy was not enough. We present the success rate of the alignment in Table I . Here, the success rate is calculated as the number of samples successfully detected with enough accuracy, divided by the number of samples (= 4). As already mentioned, the modified aperture did not achieve enough accuracy for all of the samples. Through this experiment, we discovered a clue to an improvement: when we captured the PSF in the above experiment, it seemed to be different from the aperture pattern itself due to the influence of diffraction. Zhou et al. mentioned in their paper that they avoided having to deal with diffraction by simply using low-resolution aperture patterns. Similarly, previous works on coded apertures assumed that the blur kernel could be substituted by the spectrum of the aperture pattern. Although we also use low-resolution aperture patterns, the diffraction is prominent in our case.
IV. PROPOSED METHOD: OPTIMIZING THE APERTURE PATTERN WITH RESPECT TO LIGHT DIFFRACTION
A. Influence of Light Diffraction
Light diffraction refers to various phenomena that occur when a wave encounters an obstacle. In wave optics, the diffraction phenomenon is described as the bending of waves around small obstacles and the spreading out of waves past small openings.
The diffraction of PSFs was first studied by Airy [19] in the nineteenth century. He developed an expression for the PSF amplitude and the intensity of a perfect instrument, free of aberrations (the so-called Airy disk). The diffraction pattern resulting from a uniformly illuminated circular aperture has a bright region in the center, known as the Airy disk, with a series of concentric bright rings around the center. This is called the Airy pattern. The size of the Airy disk is given approximately in radians by 1.22λ times the f/number, where λ is the wavelength of the light [20] .
Zhou et al. and previous studies could avoid the influence of diffraction since they captured images and PSFs with white light, which contain various wavelengths. The Airy patterns with various wavelengths are superimposed and averaged out. Therefore, their PSFs are close to the binary aperture pattern. In contrast, our device captures images within a narrow wavelength range. Thus, the influence of diffraction will appear prominently in the Airy pattern as shown in Fig. 1 . The captured PSF is not close to the binary pattern, and the two Fig. 7 . Power spectra of the captured PSF and the binary pattern. According to the diffraction, the captured PSF becomes different from the aperture pattern. Thus, the waveforms also do not match throughout the entire frequency range.
power spectra are also different as shown in Fig. 7 . Owing to this phenomenon, previous aperture patterns might not exhibit the expected performance in the optimization.
To deal with diffraction in the optimization, we performed a simulation to estimate its influence. For this purpose, we utilized a commercial software for optical and illumination design, ZEMAX. 3 Strictly speaking, the influence of light diffraction depends on the defocus length. Thus, the PSF will vary depending on the degree of warpage. To simplify the optimization, we simulate the diffraction with a defocus length of only 100 µm. In addition, we need the wavelength of the light and detailed information about the lens for an accurate simulation. We performed the simulation based on the specifications of the lens and light actually used in our machinery.
Based on our criteria, we used a genetic algorithm as well as the one of Zhou et al. [17] . The detailed optimization algorithm is presented in Algorithm 1.
Algorithm 1 Optimizing the aperture pattern with respect to light diffraction.
A ← randomly generate S(= 4, 000) binary patterns with L(= 13 × 13) resolution repeat for all a ∈ A do K a ← simulated the PSF by ZEMAX with a and lens data R(K a ) ← calculate eq. 6 from K a end for A ← the M (= 400) patterns which has the best R(
Duplicate two patterns randomly chosen from A Crossover: exchange each pair of corresponding bits with a probability of c 1 (= 0.2) Mutation: flip each bit with a probability c 2 (= 0.05) Append two newly generated pattern into A until |A| = S until a certain number of iterations return the best aperture pattern, which has maximal R(K a ) in A Fig. 8 . An aperture pattern obtained by considering light diffraction and the other apertures compared in the experiment. The left and right images in each case show the binary pattern and the actual aperture we implemented, respectively. The labels refer to the references. Fig. 9 . Power spectra of the captured and simulated PSFs with our optimal aperture. The simulated PSF approximates the captured one better than the binary pattern.
B. Experiments and Discussions
We validated our approach through experiments. Fig. 8 shows the aperture pattern obtained after optimizations and a picture of the implemented aperture. Fig. 9 shows the power spectra of the binary pattern and the simulated and captured PSFs for the aperture pattern. We used the power spectrum of the simulated PSF in our optimization. It could approximate the captured one better than the binary pattern in Fig. 7 . The simulated PSFs were relatively accurate, but not identical, even though we had detailed information about the light and lens. The discrepancies in the simulated and the captured PSF may have been caused by the machining accuracy of the aperture pattern, the lens distortion, and the adjustment error of the imaging device.
In order to evaluate the aperture patterns, we compared the accuracy of the alignment as we did in Section III-B. For comparison, we also implemented some other apertures [6] , [15] , [16] as presented in Fig. 8 . We implemented these apertures into our experimental device and captured defocus images. The images were then restored by using Wiener deconvolution. The accuracy of the alignment e was evaluated by template matching.
1) Accuracy of the Alignment:
In order to evaluate the accuracy of the alignment as in Section IV, we calculated the Euclidean distance e between the true position of the alignment marker and the detected position (from the restored image). Fig. 10 shows the average of the alignment accuracy with respect to the defocus length for each aperture, and Table II presents the success rate of the alignment. The proposed aperture patterns succeeded to detect the image within 0.5 pixels for all of our samples and achieved good accuracy as shown in the figure.
2) Restoration Result:
We restored the defocused images captured using each aperture pattern. Fig. 11 shows the restored images for the same alignment mark. The quality of the results varied among the aperture patterns. The restored images of the proposed aperture and Veeraraghavan's [6] had sharper edges and less noise than those of the other apertures. As shown in Fig. 10 and Table II, Veeraraghavan's aperture did not reach the target accuracy of 0.5 pixel although they achieved a good-looking restoration. Our modified aperture pattern obtained in Section III seems like a worse restoration than theirs. However, our accuracy and success rate were still better. In detail, Fig. 12(e) shows pixel intensity profiles of restored image, which are the solid and dashed lines in Fig. 12(b) and (d) , and a border of the binary alignment marker is shown as the black dashed vertical line in (e). Ideally, if the profile has sharp edge on the border, accurate alignment will be acquired. Compared to the profile with Veeraraghavan's pattern (shown as dashed line), our pattern (shown as solid line) has steep and sharp edge. This fact explains the reason why our aperture pattern outperforms Veeraraghavan's pattern.
Although we simulate the diffraction only on 100 µm of defocus length in our optimization, the experimental results present that we could obtain good restoration even for the other Fig. 11 . Captured image at a defocus length of 300 µm and its restored results with aperture patterns. The quality of the results varied among the aperture patterns. The restored images of the proposed aperture and [6] had sharper edges and less noise than those of the other apertures. defocus length. It is possible to take the diffraction at the other defocus lengths into account on the optimization, and this may lead to a different aperture pattern as a result of rerunning the simulation and the optimization. When designing the aperture pattern to implement a specific machinery, further optimization may be possible regarding possible defocus lengths.
V. CONCLUSION
In this paper, we adopted the coded aperture technique to the alignment process for industrial machinery and present its effectiveness on a real inspection setting. We experimentally presented that the alignment accuracy is improved by using the power spectrum of alignment mark for [17] , but it was not enough. We also presented that the diffraction of light becomes a dominant effect influencing the restoration of the images in the industrial machinery that uses an illumination of narrow wavelength range. Our new aperture pattern optimized by performing a simulation of light diffraction could restore the defocused image and achieved alignment with higher accuracy than that of conventional aperture patterns. As for future work, we need to develop a method of image restoration for an unknown defocus length. In these experiments, we assumed that the distance from the camera to the object plane was known. In order to adopt the coded aperture to industrial machinery, it is also necessary to estimate the defocus length from the unfocused image. 
